This study examines how the family of neurotrophin receptor tyrosine kinases (Trks) participates in the regeneration and replacement of olfactory neurons within the adult rat olfactory neuroepithelium.
mRNA and protein products representing the high-affinity nerve growth factor (NGF) receptor Trk A, its family members Trk B and Trk C, and the low-affinity NGF receptor (INGFR) are all detected within both mature and regenerating olfactory neuroepithelium and within primary cultures of olfactory neurons. Cellular immunoreactivity for Trks A, B, and C and INGFR changes dramatically during the lifetime of an olfactory neuron and is demonstrated by inducing the epithelium into a coordinate rapid cycle of degeneration and regeneration in vivo by removal of the target organ, the olfactory bulb. Trk A-positive neuronal precursor basal cells undergo mitosis to produce Trk B-positive immature neurons that mature under the local influence of the olfactory neuroepithelium and the target-derived influence of the olfactory bulb to become a Trk C-positive mature neuron. Primary cultures of immature olfactory neurons demonstrate neurotrophin-induced phosphorylation of Trks A, B, and C and subsequent activation of the immediate early gene c-Fos, and they change their expression of differentiation stage-specific markers after treatment with individual and combinations of neurotrophins. This is the first population of neurons of a single lineage in which Trks A, B, and C and the INGFR have been demonstrated to be expressed sequentially during neuronal division, commitment, and differentiation and to be fully capable of transducing cellular signals causing phenotypic changes in differentiation state. Key words: olfactory receptor neurons; regeneration; neurotrophins; Trk receptors; neurogenesis; degeneration
The trophic interactions of the neurotrophin family of growth factors nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and neurotrophin-4 and -5 (NT-4/5) have been described extensively (Eide et al., 1993; Glass and Yancopoulos, 1993; Lindsay et al., 1994) . NGF has been characterized as a survival and differentiation factor for neurons (Thoenen, 1991) , and the cloning and expression of BDNF (Leibrock et al., 1989) NT-3 (Ernfors et al., 1990; Hohn et al., 1990; Jones and Reichardt, 1990; Maisonpierre et al., 1990; Rosenthal et al., 1990) , and NT-415 (Berkemeirer et al., 1991; Hallbook et al., 1991; Ip et al., 1992) have elucidated further a function for this family in neuronal transformation, morphogenesis, and differentiation.
A family of receptor tyrosine kinasesTrks A, B, and C-has been cloned recently and identified as having multiple interactions with this family of growth factors. NGF is the preferred ligand for Trk A (Cordon-Car0 et al., 1991; Kaplan et al., 1991; Klein et al., 1991a) , NT-3 is the preferred ligand for Trk C (Hohn et al., 1990; Lamballe et al., 1991; Soppet et al., 1991; Ip et al., 1993a) , and Trk B can preferentially bind Recei ved June 30, 1995; revised Sept. 26, 1995; accepted Nov. 15, 1995. either BDNF or NT-415 depending on the cell system in which it is expressed (Glass et al., 1991; Soppet et al., 1991; Ip et al., 1992 Ip et al., , 1993 . However, the redundancy of this family is demonstrated by the fact that Trks A and B also display a lower affinity for NT-3 (Cordon-Card0 et al., 1991; Glass et al., 1991; Soppet et al., 1991; Ip et al., 1993 ). An additional receptor, the low-affinity NGF receptor (INGFR; ~75) also has been cloned and identified, which will bind each of the neurotrophins with a similar low affinity of 1 X lo-" M (Radeke et al., 1987; Meakin and Shooter, 1992; Barbacid, 1993a) .
The olfactory neuroepithelium, situated within the nasal cavity, is an excellent model for studying neuronal differentiation in viva because of its ability to constantly regenerate neurons during the lifetime of animals, including rat and human (Graziadei, 1971; Moulton, 1974; Graziadei and Monti-Graziadei, 1979a,b; Suzuki and Takeda, 1993) . In the rat, each olfactory receptor neuron (ORN) degenerates every 4-6 weeks and is replaced by a newly differentiated precursor neuron that assumes a mature state within the upper layers of the olfactory neuroepithelium and projects afferent axons directly back into the olfactory bulb (Farbman, 1990) .
The normal olfactory neuroepithelium displays a topographical pattern of neuronal maturity, in which a neuronal precursor population of basal cells is situated at the base of the epithelium (Vollrath et al., 1985; Calof and Chikaraishi, 1989; Schwartz Levy et al., 1991) . Immature neurons that express growth-associated protein-43 and Ll are developmentally low in the epithelium (Verhaagen et al., 1989) . Both immature and mature neurons (and globose basal cells) express neural-cell adhesion molecule (N-CAM) (Miragall et al., 1988; Key and Akeson, 1990) and the center of the epithelium is filled with olfactory marker protein (OMP)-positive mature neurons (Margolis, 1985; Farb-man and Margolis, 1980) . The top layer of the epithelium contains sustentacular (supporting) cells and degenerating neurons (Graziadei and Monti-Graziadei, 1979a,b; Farbman and Squinto, 1985) . The olfactory neuroepithelium also can be induced into a state of coordinate regeneration by removal of the target organ, the olfactory bulb. In the absence of trophic support from the olfactory bulb, olfactory neurons cannot fully mature and will be replaced continually by the induction of basal cell division (Schwartz Levy et al., 1991; Carr and Farbman, 1992) .
In this study, Trks A, B, and C are all detected in the olfactory neuroepithelium by PCR, immunoblot, and immunohistochemical analysis. Trk A immunoreactivity (IR) is found in sparse populations of basal cells in normal neuroepithelium, and Trk A IR becomes intense and widespread after bulbectomy, eventually encompassing the entire basal cell layer. Trk B IR is detected in cell bodies and dendrites of immature neurons after mitotic division into daughter neuroblasts, but shifts as olfactory neurons mature to stain heavily the afferent axons of ORNs projecting to the olfactory bulb, the prevalent pattern observed in mature olfactory neuroepithelium.
Trk C IR appears only in the membrane of mature populations of ORNs and lightly in axon bundles. There is intense expression of 1NGFR in glomeruli where ORNs synapse with mitral cells in the olfactory bulb. Expression of 1NGFR and NGF also is found in the cell bodies of degenerating neurons. Trks A, B, and C each become phosphorylated when primaty cultures of olfactory neurons are challenged with their preferred high-affinity neurotrophin ligand and induce downstream activation of c-Fos expression, causing long-term changes in expression of the neuronal markers N-CAM and GAP-43. Figure I . Trks A, B, and C and 1NGFR expression in olfactory neurons. A, RNA prepared from olfactory tissue, olfactory bulb, and primary cultures of olfactory neurons was reversetranscribed and, subsequently, products were amplified from this template using primers specifically designed against conserved regions of Trks A, B, and C and INGFR. Control lanes contained RNA and primers for PCR, but reverse transcriptase was omitted. Transcripts for 1NGFR and Trks A, B, and C are detected in RNA prepared from olfactory neuroepithelium and olfactory neuron primary cultures. Trk A was not detected in RNA prepared from olfactory bulb. B, Soluble protein extracts (50 pg) prepared from adult olfactory tissue were separated by PAGE on 5-12% gradient gels and transferred to nitrocellulose. Blots then were probed with anti-Trk A (Oncogene Science), Trk B, Trk B (TIC-), and Trk C antibodies (Santa Cruz Biotech) and developed'using the ECL technique. Immunoblots revealed the presence of full-length (FL) transcripts for Trks A, B, and C and truncated forms (Trunc) or Trks B and C.
MATERIALS
Trk Ab:
49-
Growth factor treatment of olfactory neurons. Primary cultures of olfactory neurons were prepared as described previously (Ronnett et al., 1991) except that neurons were prepared from rats 1-2 d of age, plated at 0.25-0.5 times the density previously reported, and media was not supplemented with cytosine arabinoside and NGF. Cultures were allowed to-mature for 48-72. hr in MEM-DVal (Gibco) supplemented with 15% dialvzed fetal bovine serum (HvClone. Logan. UT). The modification in
culture conditions was used because it has been more successful in producing cultures with a greater number of neurons at different stages of differentiation. For biochemical and molecular analysis, medium then was removed and replaced with MEM-DVal alone for 24 hr to prepare the neurons for growth factor treatment. NGF, BDNF, NT-3, and NT-4 then were added at 50 @ml MEM-DVal for 10 min (for phosphorylation of Trks) and 40 min (for c-Fos induction) before being washed with PBS and processed for analysis. Control experiments were performed when the neurotrophins were added in the presence of 100 nM K252a (Calbiochem, La Jolla, CA) (Berg et al., 1992) . Immunohistochemical analysis of primay neuron cultures. Cells were prepared as described above and plated in MEM-DVal with dialyzed 15% fetal calf serum (FCS) on laminin-coated, two-chambered slides for 24 hr. Media then was removed and replaced with MEM-DVal containing 10% FCS alone or supplemented with NGF, BDNF, NT-3, andNT-4, individually and in combination, as indicated. After an additional 3 d in culture, cells were washed several times and fixed in 4% p-formaldehyde before staining with rabbit anti-cytokeratin (1:500; Dakopatts, Glostrup, Denmark), monoclonal anti-N-CAM (1:500; Becton Dickinson, Mountain View, CA), monoclonal anti-GAP-43 (1:500; Boehringer Mannheim), polyclonal anti-L1 (1:lOO; Boehringer Mannheim), polyclonal anti-Trk A (l:lOO; Oncogene Sciences and Collaborative Research, Bedford, MA), polvclonal anti-Trk B (1:50; Santa Cruz Biotech and Transduction Labs, Lexington, KY), polyclonal anti-Trk C (1:50; Santa Cruz Biotech), monoclonal anti-1NGFR (p75), and anti-NGF (1:50; Boehringer Mannheim). Primary antibodies were detected using the appropriate Elite Vectastain kit and visualized using AEC as chromogen (Biomeda, Fullerton, CA). Cell counts were performed by counting 5 frames/well, visualized through a 20X objective on a Zeiss Axiophot microscope (Thornwood, NY), and analyzed for statistical significance using a Student's t test. Cells were counted as N-CAM-positive if distinct cell body staining was identified. GAP-43 staining was assessed by counting both cell body and neurite staining within a given frame. Each experiment was performed in triplicate within a given week to allow for intra-assay variability, and each B experiment was performed on at least three different occasions to account for interassay variability. The data shown are the analysis of one series of experiments performed in triplicate and are typical of the profiles obtained from additional experiments.
Immunoprecipitation and detection of Trks and phosphotyrosine proteins.
Cells were lysed, and each well of a 6-well plate (Nunc, Naperville, IL) was resuspended in 1 ml of modified RIPA buffer (PBS, 1 mM EDTA, 0.2% SDS, 1% Nonidet P-40, and 0.5% sodium deoxycholate) containing the protease inhibitors leupeptin, antipain, chymostatin, pepstatin (Peninsula Labs, Belmont, CA), and benzamide (Sigma, St. Louis, MO) and immediately aliquoted and frozen. Anti-Trk A, -B, and -C affinity-purified polyclonal or polyclonal anti-phosphotyrosine (Transduction Labs) was added to a concentration of 2-mg/ml (T&s) or 5 mg/ml (antiphosphotyrosine) and incubated for 1.5 hr at 4°C. SDS-washed Pansorbin (Calbiochem) then was added to 1:20 (v/v) and incubated for 2 hr before centrifugation and washing (3 times with 1 X RIPA). Pellets were resusuended in SDS-PAGE loading buffer and seuarated on 5-12% oolvacrvl-1 I 1,. amide gels before transfer tomtrocellulose membrane. Trk immunoprecipitates then were blotted using the monoclonal anti-phosphotyrosine (4GlO) antibody (Upstate Biotechnology, Lake Placid, NY). Phosphotyrosine immunoprecipitates were immunoblotted as above with the antiTrk antibody specific to the neurotrophin ligand used. Trk immunoprecipitates were incubated for 1 hr at room temperature, with a subsequent secondary antibody incubation for 2 hr at room temperature. Blots were visualized using ECL, as described above, and images were processed using an AGFA image scanner (AGEA, Wilmington, MA).
RESULTS
Trks A, B, and C and the INGFR are expressed in olfactory neurons in viva and in vitro
To identify which Trk family members are present in olfactory tissues, we performed RT reactions on RNA prepared from olfactory neuroepithelium, primary cultures of olfactory neurons and olfactory bulb, followed by PCR of cDNA-utilizing primers specific to the 1NGFR and Trks A, B, and C. Transcripts corresponding to the mRNA for the 1NGFR and Trks A, B, and C were all detected in olfactory tissue and primary olfactory neuronal cultures, but not in reactions in which we omitted reverse tran-scriptase (Fig. IA, column -) . To detect Trk A, a nested modification of the PCR technique was applied, suggesting that it may be less abundant then the other growth factor receptors. PCR products of the appropriate sizes for Trks B and C, but not Trk A, also were detected in olfactory bulb. The pattern of 1NGFR and Trk expression in the olfactory bulb is in accord with previous reports (Barbacid, 1993b) .
We also performed immunoblot analysis for Trks A, B, and C on soluble protein prepared from olfactory tissue (Fig. 1B) . For detection of Trk B, truncated Trk B, and Trk C, immunoblots were performed using two sets of polyclonal antibodies. Anti-Trk B, Trk B (TK-), and anti-Trk C antisera [gifts from L. Parada and D. Soppet (National Cancer Institute, Frederick, MD), designated 442, 444, and 510, respectively] were used to produce immunoblots that were used as a template with which to compare the immunoblots of commercially available antibodies directed against the Trk-receptor kinases Trk B and Trk C (Santa Cruz Biotech; Fig. 1B ). For TK-detection, immunoprecipitations first were performed using the donated polyclonal TK-antibody, and then immunoprecipitates were blotted using the second anti-TKantibody (Santa Cruz Biotech) (Fig. 1B) . Two different commercially available anti-Trk A antisera were used that gave the same pattern on immunoblot and immunohistochemical analysis (Oncogene Sciences and Collaborative Research; Fig. 1B) . Therefore, the identical Western blot pattern was obtained using at least two different antibodies for each Trk receptor. Immunoblots in Figure  1B were all performed with the same commercially available antibody that was used subsequently for immunohistochemical localization, and both immunoblot and staining patterns were blocked successfully by preincubation of antibody with an excess of immunizing peptide (data not shown). Because the Western blot pattern for each antibody is slightly different and there is little or no overlap in the immunocytochemical patterns of expression observed for Trks A, B, and C, we can conclude that the antibodies, in fact, are recognizing different Trks (Fig. 2) .
Immunoblot analysis reveals that Trk A is present as a single band at 130-140 kDa. Trk B is present in two forms-130-145 and -90 kDa. Correspondingly, TK-is clearly present at 90 kDa. We detect two major sizes of Trk C protein-a full-length, 145 kDa and one truncated (-90 kDa) version in our neurons, in accord with previous reports of different splice variants of Trk C (Valenzuela et al., 1993) , although faint bands of intervening sizes also were detected when higher concentrations of antibody were used. The thickness of the 130-150 kDa bands observed is attributed to the fact that they are modified post-translationally and heavily glycosylated.
Although we are able to demonstrate the presence of all three members of the Trk family of receptors in olfactory neuroepithelial tissue and olfactory neurons, the information obtained by PCR and immunoblot analysis is not sufficient to demonstrate whether these receptors are positioned suitably within the cell to function as growth factor receptors. Therefore, we have examined the immunohistochemical distribution of each of the Trk family members in sections of normal olfactory tissue, bulbectomized olfactory tissue, and primary cultures of olfactory neurons.
Trks A, B, and C are expressed in different neuronal subpopulations throughout the olfactory neuroepithelium Trk A expression is detected only in rare groups of precursor neuron basal cells at the base of the adult neuroepithelium ( Fig.  2A) . Trk B is expressed in the cell bodies and dendrites of immature receptor neurons (IRN) and the primary afferent projections of mature olfactory neurons projecting back to the olfactory bulb (Fig. 2B) . The major truncated form of Trk B (TK-) has a much more limited distribution in the olfactory neuroepithelium (Fig. Zo) , where IR is found faintly in axon bundles of primary afferents, possibly contributing to the axonal IR seen with the pan-Trk B antibody (Fig. 2B) . Intense areas of Trk B (TK-) IR also are observed occasionally in small "ovoid" cells high in the epithelium, which resemble degenerating neurons. Trk C clearly is not expressed in basal cells or sustentacular cells, but a "trabecular" pattern of IR is detected at low levels throughout the outer membranes of all mature olfactory neurons lying in the middle third of the epithelium. The primary afferent axon bundles also are faintly immunoreactive for Trk C (Fig. 2C ).
NGF and the INGFR do not colocalize with Trk receptors IR for the 1NGFR (~75) is confined to the lamina propria in normal neuroepithelium.
This IR is streaky in appearance and is particularly intense around blood vessels coursing through the lamina propria (Fig. 2E) . The streaky staining pattern observed is identical to that for glial fibrillary acidic protein in Schwann cells of the olfactory nerve (Barber and Lindsay, 1982; Pixley, 1992) , suggesting that the 1NGFR actually is being expressed not in neurons, but on glial cells in the lamina propria, in accord with recently published observations (Gong et al., 1994) . Coincident NGF expression cannot be detected within the normal olfactory neuroepithelium by immunocytochemical techniques that are capable of detecting NGF IR in other regions of the central and peripheral nervous systems, such as the olfactory bulb (Fig. 2F) .
The NGF receptor is expressed where mature ORNs synapse The 1NGFR cannot be detected within the neurons of the mature olfactory neuroepithelium (Fig. 2E) . The mRNA for 1NGFR is detectable, however, in primary cultures of olfactory neurons by PCR (Fig. L4 ). 1NGFR IR is clearly detected in a glomerular pattern in the external layer of the olfactory bulb, where the nerve terminals of mature olfactory neurons synapse, and also very faintly in the axons of ORNs entering the olfactory bulb (Fig.  3A,B) . This suggested expression of 1NGFR at synaptic terminals of ORNs is suggested further by a close overlap in expression with the OMP within individual glomeruli of the olfactory bulb (Fig. 3CJ) .
The spatial distribution of the immunoreactive pattern for Trk expression suggests that olfactory neurons change in their neurotrophin responsiveness at different stages of olfactory neuron development and that the Trk receptors in olfactory neurons likely are working independently of the 1NGFR. To determine whether this spatial pattern is coordinated temporally during neurogenesis, we performed a series of experiments to synchronize the regeneration of the neuroepithelium by performing a unilateral bulbectomy on adult rats and monitoring the stages of recovery of the ipsilateral neuroepithelium.
Trk A, NGF, and INGFR do not colocalize in regenerating olfactory neurons Trk A expression is induced rapidly after bulbectomy, and strong IR is detected in patches of basal cells as early as 3 d after bulbectomy (Fig. 4B) . Additional groups of Trk-A-positive basal cells are recruited as the neuroepithelium is allowed to recover for 1 and 2 weeks after bulbectomy, at which time the entire basal cell (Fig. 4C,D) . Between 1 and 2 weeks after bulbectomy, Trk A IR also is seen in a "capping" pattern above the nucleus of newly generated ORNs, indicative of proteins that are packaged in the endoplasmic reticulum but not transported to a programmed cellular location. By 3 weeks after bulbectomy, Trk A IR in basal cells has decreased in regions that have undergone neuronal replacement, but occasional pairs of presumably immature daughter neurons are strongly Trk A-positive (Fig. 4E) .
NGF expression is not detected within the normal olfactory neuroepithelium, but at 3 d after bulbectomy, at high-power resolution, NGF IR can be detected within the olfactory neuro-epithelium in a "diffuse" pattern immediately above and around the basal cell layer (Fig. 4G ). In addition, 1 week after bulbectomy, individual cells within the ORN layer with the appearance of degenerating neurons appear to express NGF strongly throughout their cytoplasm (Fig. 4H) . By 2 and 3 weeks after bulbectomy, neurons actively undergoing regeneration appear to express NGF throughout their cell bodies and dendritic projections (Fig. 44.9 Interestingly, in these same regions of replacement and repair, glial fibers coming up from the lamina propria directly beneath the horizontal basal cell layer become NGF-positive (Fig. 445) . This fibrous pattern of staining is not seen in adjacent areas of epithelium that are still actively undergoing cell division and neuroepithelium repair (as seen in Fig. 4H ).
The basal precursor neurons do not express the INGFR, even when stimulated to divide at 3 d to 1 week after bulbectomy (Fig.  4L) . Glial staining for the 1NGFR in the lamina propria is evident in the neuroepithelium immediately after bulbectomy (Fig. 4L) . As olfactory neurons undergo maximum degeneration, 1 week after bulbectomy, punctate expression of 1NGFR is detected in individual degenerating neurons in the upper layers of the neuroepithelium (Fig. 4M) , coincident with the pattern seen for NGF at this time. After completion of the first wave of neuronal cell death, by 2 and 3 weeks after bulbectomy, we do not detect 1NGFR expression in olfactory neurons, but occasional streaky staining for 1NGFR in the lamina propria returns at 3 weeks after bulbectomy (Fig. 30 ).
Trks A, B, and C are expressed sequentially in regenerating olfactory neurons Immediately after bulbectomy, Trk B-immunoreactive axon bundles and cell bodies disappear in the mature layers of the epithe- Figure 3 . Localization of the 1NGFR to terminals of olfactory neurons in the olfactory bulb. The 1NGFR is seen in a glomemlar (gZ) "necklace-like" pattern around the periphery of the olfactory bulb (A) and is seen to stain in a synaptic terminal-like pattern at higher magnification (B). The OMP specifically stains ORN axons (Jx) and terminals (C), and the nerve terminal staining is coincident with that of the 1NGFR in the same section (0). lium, as axons undergo retrograde degeneration back to the neuroepithelium and mature ORNs die (Fig. 5B) . By 1 week after bulbectomy, "newborn" ORNs, situated low in the epithelium immediately above the Trk B-negative basal cell layer, are strongly immunoreactive for Trk B throughout their cell bodies (Fig. 5C ). More superior degenerating olfactory neurons are still negative for Trk B. By 2 weeks after bulbectomy, strong Trk B IR is seen in new populations of immature olfactory neurons, throughout their dendritic projections and the terminal dendritic knob from which the sensory cilia will develop (Fig. 5D ). Three weeks after bulbectomy, some Trk B positivity remains in cell bodies within the olfactory neuroepithelium, but IR has shifted and is concentrated in small-caliber Trk B-positive pioneer axon bundles that are seen streaming from newly generated neurons back toward the olfactory bulb (Fig. SE) .
The major truncated form of Trk B (TK-) is expressed faintly throughout axon bundles in the lamina propria underlying the neuroepithelium (Fig. 2C) . This immunoreactive pattern disappears after bulbectomy, and truncated Trk B expression does not parallel that seen for Trk B at any point during the regeneration cycle (data not shown).
Trk C IR is distributed sparsely in the membranes of mature olfactory neurons in the neuroepithelium and in their primary afferent projections. At no time is Trk C IR detected in basal cells or sustentacular cells. Trk C IR appears to decrease as early as 3 d after bulbectomy as the neurons undergo retrograde degeneration (Fig. 9' ) and is never observed to the same degree in individual neurons undergoing regeneration at 1, 2, and 3 weeks after bulbectomy (Fig. 5G-I ). Trk C IR does not overlap either in Trk A-positive basal cells or in the Trk B-positive newly regener- . Trk A, NGF, and 1NGFR expression during olfactory neuron regeneration. Rats subjected to unilateral bulbectomy were allowed to recover for 3 d (34, 1 week (Iw), 2 weeks (2w), and 3 weeks (3~). Sections of olfactory epithelium from unlesioned animals (NL) and bulbectomized animals subsequently were immunostained using a polyclonal antibody against Trk A (A-E) or monoclonal antibodies against NGF (F-J) and 1NGFR (K-O). Trk A expression (A-E) is localized mainly to horizontal neuronal precursor basal cells (BC) in normal and regenerating tissue (A-D) but also is detected in a "capped" manner in more superior neurons (ORN) during the olfactory degeneration-regeneration cycle (C, D). NGF IR is confined to the lamina propria (LP) in normal olfactory tissue (F), but after bulbectomy is found in regenerating neurons (anew) as they migrate through the neuroepithelium. NGFR IR also is confined to the lamina propria (K) in normal neuroepithelium but is expressed in a punctate manner in cells resembling dying neurons high in the degenerating-regenerating epithelium (arrow, M).
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.' ated immature neurons, but mature neurons appear to express both Trk B and Trk C. Although a spatio-temporal pattern of Trk expression strongly suggests a neurotrophin-driven differentiation pattern of olfactory neurons, it does not provide mechanistic evidence that the receptors expressed possess tyrosine kinase activity and drive neurotrophin-induced signal transduction machinery to induce morphological and immediate or long-term gene expression changes in olfactory neurons. To address these questions, we have examined Trk expression and activation by neurotrophins in primary cultures of olfactory neurons that contain olfactory neurons at different stages of their developmental life cycle.
Trks A, B, and C are expressed at different stages of olfactory neuron differentiation in vitro A similar correlation between neuronal maturity and sequential expression of Trks A, B, and C is seen in olfactory neurons in vitro.
Several well defined markers for olfactory neuron development have been used to demonstrate the presence of olfactory neurons at different stages of maturity in viva and in vitro. Cytokeratin clearly marks groups of epithelioid basal cells that are identified easily in vitro and are always found in small clumps of 6-12 cells (Fig. 6A) . Trk A positivity is also observed in two cells within a clump of basal cells (Fig. 6B ) and is not detected on any other cells in this culture system.
After precursor cell division, immature neurons are marked specifically with the cell adhesion molecule L-l (NGF-inducible large external glycoprotein) and GAP-43, which is found throughout the cell bodies and processes of immature neurons and is restricted to the processes only of more mature neurons (Fig.  6C,D) . Trk B IR also is clearly detected within the cell bodies and neurites of neurons at an early developmental stage when a Trk B-positive single neuronal process is observed (Fig. 6F) as well as in neurons of a more bipolar mature phenotype (Fig. 6H) .
Trk B Trk C Figure 5 . Trk B and Trk C expression during olfactory neuron regeneration. Rats that were unilaterally bulbectomized were allowed to recover for 3 d (34, 1 week (Iw), 2 weeks (2w), and 3 weeks (3~). Sections of olfactory epithelium from unlesioned animals (NL) and bulbectomized animals subsequently were immunostained using a polyclonal antibody against Trk B, truncated Trk B, and Trk C. Trk B is expressed at high levels in both immature and mature olfactory neurons (ORN,A) and throughout their afferent axons in normal neuroepithelium. During degeneration, Trk B IR decreases (B), but expression of Trk B reappears in the cell bodies of olfactory neurons undergoing regeneration (C, D) and is seen in pioneering axons leaving the epithelium (ar~ws, E) as the neurons mature. Trk C is expressed faintly in the meshwork of neuronal membranes within olfactory neurons (ORN, F) but is totally absent from sustentacular cells (SC) and basal cells (BC). IR disappears as mature neurons degenerate (G, H) and holes of degeneration appear in the epithelium (I) but reappears in occasional neurons that are undergoing regeneration (4.
N-CAM IR is detected clearly from the earliest phenotypically immature neurons to neurons with a more elongated, mature phenotype. This pattern and distribution of IR are mirrored exactly by those observed for Trk B in olfactory neurons in vitro (Fig. 6E) .
Mature olfactory neurons express a specific olfactory marker, the OMP, in vivo and in vitro. Elongated, mature neurons express OMP in this culture system, and neurons with this phenotype also express Trk C in a very punctate, perinuclear pattern and in a very sparse, yet specific manner in their processes.
Having established the presence of Trks A, B, and C in our primary culture system, we decided to examine whether this is a viable neuronal primary culture system for biochemically assessing the ability of the Trk receptor family to bind and transduce neurotrophin-induced signals.
Trks A, B, and C autophosphorylate in response to neurotrophin challenge Primary cultures of olfactory neurons, which contain neurons at both mature and immature stages of development, were stimulated with NGF, BDNF, NT-4, and NT-3 after a serum deprivation period of 24 hr. After neurotrophin treatment, cells were lysed and proteins subsequently were either immunoprecipitated with anti-Trk antibodies and probed with a monoclonal antiphosphotyrosine antibody (Fig. 7A) or, alternatively, immunoprecipitated with a polyclonal anti-phosphotyrosine antibody and probed with specific anti-Trk antibodies (Fig. 7B) .
Trk A becomes specifically phosphorylated in primary ORN cultures when challenged with NGF. Trk B is phosphorylated when challenged with both BDNF and NT-4, with a higher degree of phosphorylation of BDNF, which suggests a stronger effect of this neurotrophin. Trk C becomes phosphorylated when treated with NT-3, demonstrating that each Trk receptor behaves in an appropriate manner for stimulating downstream cytoplasmic pathways. A low, basal phosphorylation is detected in the control lanes of each immunoprecipitation experiment (the -column) without the addition of exogenous neurotrophin, suggesting that some form of highaffinity neurotrophin is being synthesized by some cell types in the primary cultures. Studies to determine which neuroepithelial cell type is responsible for neurotrophin production both in vivo and in vitro are currently in progress. The level of phosphorylation of each Trk is decreased specifically when the ORN cultures are treated with neurotrophin in the presence of the Trk inhibitor K252a (Fig. 7A ) (Berg et al., 1992) . c-Fos induction via stimulation of Trk receptors Primary cultures of olfactory neurons were stimulated with NGF, BDNF, NT-4, and NT-3 and assessed for induction of the cellular oncogene c-Fos by Northern blot analysis (Fig. 8) . c-Fos induction is observed at 40 min after growth factor-induced stimulation with NGF, BDNF, and NT-3. When the receptor kinase inhibitor K252a is added concurrently with the neurotrophin, c-Fos induction is blocked, indicating that the neurotrophins are acting through Trk receptors to effect growth factor-induced transcription of c-Fos within olfactory neurons.
Neurotrophins act in concert to increase numbers of differentiating olfactory neurons in vitro To assess whether the biochemical activation of Trk-mediated pathways causes a phenotypic change in olfactory neurons in vitro, primaly cultures of olfactory neurons were treated with neurotrophins, either individually or in combination, and the effectiveness of the growth factors was assessed by immunohistochemically (Fig. 9 ). Both NT-3 (p < 0.05) and BDNF (p < 0.01) added individually significantly increased the number of N-CAM/GAP-43-positive neurons. The most effective increase in differentiating neurons (p < 0.01) was achieved when NGF and BDNF were added in combination, whereas when NT-3 was added to this combination, the number of N-CAM/GAP-43-positive neurons increased significantly but was less effective than NGF/BDNF alone.
DISCUSSION
These results provide evidence to demonstrate that ORNs sequentially express the entire family of neurotrophin receptors at different stages of maturity, both in vivo and in vitro, and can respond to each member of the neurotrophin family to promote the terminal differentiation of olfactory neurons.
What is the function of the INGFR in this system? The 1NGFR is expressed at both the mRNA and protein levels in primary cultures of olfactory neurons and normal olfactory tissue, and yet the 1NGFR IR is not detected within ORN cell bodies or axons at any point during growth and differentiation, although this has been reported by others (Aiba et al., 1993; Miwa et al., 1993; Ramon-Cueto et al., 1993) . This argues that, during olfactory neurogenesis, Trks A, B, and C work independently of the INGFR. 1NGFR is not located suitably either to sequester the neurotrophins at the cell surface for presentation to Trk receptors or to mediate any direct interaction between the 1NGFR and Trk receptors within the olfactory neuroepithelium (Jing et al., 1992 
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Trk A I Trk B I irk C ately superior to the lamina propria (Johnson et al., 1988; Hantzopoulos et al., 1994) . It is important to note, in support of this, that when the Trk A-positive basal cells need NGF most, at peak times of mitosis, glial IR for the 1NGFR decreases (1 week after bulbectomy). As repair within the neuroepithelium progresses and the rate of mitosis decreases, glial IR for the 1NGFR in the olfactory nerve layer is restored (3 weeks after bulbectomy). The 1NGFR is detected, however, in the cell bodies of neurons that appear to be degenerating, which are also concurrently positive for NGF protein. The coexpression of NGF and the 1NGFR could indicate that the degenerating neurons are producing NGF locally to signal the Trk A-positive basal cells in the same region to begin the program of neuronal replacement. The presence of NGF within regenerating populations of olfactory neurons after bulbectomy also is intriguing, and these neurons could be producing NGF locally (as they do embryonically, before the formation of the olfactory bulb) to compensate for NGF not being produced by their mature mitral cell target neurons in the olfactory bulb (Williams and Rush, 1988; Guthrie and Gall, 1991). min before lysis and subsequent immunoprecipitation with a polyclonal antiphosphotyrosine antibody. Immunoprecipitates from culture wells treated in parallel with media alone (-), neurotrophin, and neurotrophin plus K252a were subsequently immunoblotted for Trks A, B, and C, and results were compared with those obtained in A.
Does Trk A enhance olfactory neurogenesis and commitment?
Trk A IR is detected in sparse groups of neuronal precursor basal cells in the normal olfactory neuroepithelium. During coordinated regeneration of olfactory neurons, however, Trk A IR is detected throughout the entire basal cell population, suggesting that Trk A and its ligand NGF are involved in the early neurogenic and commitment response of basal cells, independent of the INGFR. In regions that have partially completed the neurogenesis cycle and in which physical repair of the neuroepithelium is apparent, Trk A IR decreases, suggesting a density-dependent local control of neurogenesis in vivo. Trk A IR no longer is detectable once olfactory neurons leave the cell cycle and proceed into the early stages of neuronal differentiation. The sparsity of Trk A IR in the normal neuroepithelium argues against a role for NGF in enhancing survival of neuronal precursors.
In Neurotrophin Treatment Figure 9 . Olfactory neurons mature in vitro under the influence of neurotrophins. Primary cultures of olfactory neurons were treated with NGF, BDNF, and NT3 individually and in combination and subsequently stained for N-CAM (NCAM+) and GAP-43 (GAP43), which should indicate the population of "differentiating" neurons, that is, those undergoing transition from immature to mature phenotype. Numbers of N-CAM-and GAP-43-positive neurons were counted, and the treatment was analyzed by a Student's t test to have produced significant (jr < 0.05) or highly significant 0, < 0.01) increases in the number of differentiating neurons compared with control cultures that were grown without the addition of neurotrophins (Control).
these cultures are treated with NGF, phosphorylation of Trk A is observed and c-Fos transcription increases within 40 min after treatment of NGF. Both of these effects are blocked by concurrent treatment with K252a, a specific receptor tyrosine kinase inhibitor. NGF treatment alone, however, does not appear to enhance significantly the number of postmitotic N-CAM-positive neuronal cells present in vitro. The marked upregulation of Trk A during neurogenesis in vivo, in conjunction with a detectable activation of NGF-Trk A-driven biochemical and molecular pathways in vitro, suggests that NGF stimulates basal cells to divide and commit to a neuronal lineage during regeneration of olfactory neurons in the adult animal. How may NGF signal this novel neurogenic mechanism? Epidermal growth factor, transforming growth factor (TGF)-ol, and TGF-/3 stimulate a differentiation response in olfactory neurons, and their receptors have been demonstrated on early olfactory precursors (Mahanthappa and Schwarting, 1993; Farbman, 1994) . It is conceivable, therefore, that these different peptide growth factors could act in concert with Trk A to signal downstream pathways to initiate the olfactory neuron development program, as has been demonstrated for the induction of differentiation in embryonic cultures of neurons and oligodendrocyte 02A progenitor cells (Barres et al., 1993; DeHamer et al., 1994) .
Trk B drives early neuronal differentiation of the ORN Trk B IR is observed first in olfactory neurons that have undergone division, no longer express Trk A, and are in the immature (GAP-43-positive) state. In immature neurons, Trk B expression is distributed throughout the cell body and is particularly strong in dendritic processes and the dendritic knobs of newly generated immature neurons lying low in the neuroepithelium. Trk B IR is retained as olfactory neurons migrate to a more mature, superior placement in the epithelium, but Trk B IR shifts significantly into the outgrowing axons that are leaving the epithelium and projecting toward the olfactory bulb. This pattern of expression suggests that progression of olfactory neurons through the early postmitotic stages of differentiation is dependent on Trk B activation, in agreement with a proposed role for BDNF in other sensory neuron populations (Johnson et al., 1986a,b; Schecterson and Bothwell, 1992; Segal et al., 1992; Wright et al., 1992; Ernfors et al., 1994) and with previous studies that have suggested that BDNF is the most crucial neurotrophin for promoting the maturation and survival of ORNs in vitro (Mahanthappa and Schwarting, 1993) .
Trk B IR is detected strongly in axon bundles of the mature olfactory epithelium, suggesting that once Trk B has mediated neuronal maturation through juvenile stages within the epithelium, it subsequently mediates a trophic interaction between the olfactory neuron and the olfactory bulb, similar to that suggested for the retina (Johnson et al., 1986b) . The upregulation of Trk B expression in the regenerating axons is consistent with its transducing an immediate protective signal after axonal injury (Merlio et al., 1993; Morse et al., 1993) .
Trk B expression is detected clearly in phenotypically immature and mature olfactory neurons in vitro, and these neurons respond to challenges with both NT-4 and BDNF by rapidly phosphorylating the full-length version of Trk B and then inducing transcription of c-Fos. BDNF alone is the most highly effective neurotrophin in promoting the differentiation of olfactory neurons in this study and is even more effective when added in combination with NGF. Thus, differentiation and survival of olfactory neurons appear to be highly dependent on activation of Trk B by either BDNF or NT-4. BDNF clearly elicits a stronger phosphorylation of Trk B and induction of c-fos than NT-4, and an additive effect is not observed when both are added concurrently. However, we cannot preclude the possibility that NT-4 may play a significant role when BDNF is in short supply (Jones et al., 1994) .
Trk C maintains healthy, mature ORNs
Trk C IR is distributed diffusely throughout the membranes of mature olfactory neurons and their axons, in a pattern similar to that observed for the OMP, but less intense. This suggests that a more likely role for Trk C and NT-3 is to maintain olfactory neurons in their mature state within the olfactory neuroepithelium after they have differentiated fully, similar to the phenomenon suggested for cerebellar granule cell neurons and developing muscle sensory neurons (Segal et al., 1992; Hory-Lee et al., 1993) . This hypothesis is supported by the fact that NT-3 transcripts also have been found in RNA from the neuroepithelium and primary cultures of ORNs by Northern and PCR analysis data (A. Roskams and G. Ronnett, unpublished observations). As mature neurons degenerate and die, Trk C IR decreases. During degeneration of the epithelium, Trk C IR becomes apparent in the cytoplasm of some individual neurons, suggesting an upregulation of growth factor-mediated pathways at the cellular level in an effort to extend their lifespan and scavenge for NT-3 to increase survival (Schnell et al., 1994) . Trk C is present in mature ORNs in vitro, is phosphorylated in the presence of NT-3, and induces transcription of c-Fos. Thus, both Trk B and Trk C are stimulated strongly by their high-affinity ligand in ORNs, a phenomenon previously demonstrated only in phenotypically mixed neuronal cultures (Segal et al., 1992; Ip et al., 1993b) .
Within the olfactory neuroepithelium, the expression of neurotrophin receptors depends chiefly on the stage of differentiation of each individual olfactory neuron. Trk receptors therefore appear to mediate different growth-related events during olfactory neuron division, commitment, differentiation, and maturation. This study provides data to suggest how neurogenesis within the olfactory neuroepithelium is controlled by both local and targetderived supply of neurotrophins, and it demonstrates increased differentiation and survival of olfactory neurons by combinations of neurotrophins.
These observations give a novel insight into how neurotrophins influence the birth, life cycle, and possible death program of sensory neurons and subsequently support the use of olfactory neurons as a system in which the signal transduction systems stimulated by neurotrophins in both developing and adult neurons can be tested and determined.
